Bacterial meningoventriculitis was studied in 26 neonatal ungulates. Preceded by a substantial bacteremia, usually due to Escherichia coli, the fibrinopurulent inflammation involved leptomeninges, choroid plexuses, and ventricle walls, but largely spared the neuraxial parenchyma. It is proposed that this surface-relatedness results from the transport of bacteria by monocytes of low bactericidal power, migrating by normal pathways to maintain significant surface populations of macrophages. The neuraxial parenchyma is spared because of its normal lack of a macrophage population. A similar pathogenesis would hold for the frequent concurrent appearance of serositis and synovitis.
Bacterial meningoventriculitis of neonatal ungu-lates6. 12-15 is characterized by a peculiarly surface-related inflammation of the leptomeninges, choroid plexuses and ventricle walls with sparing of the underlying neuraxial parenchyma. A similar condition appears in human infants3*' but seems to be rare in puppies and kittens. It is often forgotten that many cases of neonatal septicemia may have well-developed lesions of meningoventriculitis without specific neurologic signs.
The disease is most often caused by invasive strains of Escherichia coli, but other bacteria can produce similar lesion^.'^ There is a consistent association with bacteremia.*'* 29. 30 Serositis, synovitis, or both are frequently observed to occur concurrently. To more thoroughly define the nature and pattern of the lesions and to attempt a reconstruction of their pathogenesis, a retrospective study of the disease was made. We were not concerned with deficiencies of immunity which may have facilitated infection, only with events consequent upon the bacteremia.
For this condition, the term, meningoventriculitis, is preferred to the even more cumbersome synonym, chorioependymomeningitis. Ependymitis is an unsatisfactory term since most of the reaction is subependymal. Ventriculitis is used here to define inflammation of the inner ventricle wall (ependyma and subependyma) apart from the deeper parenchyma. Inflammation of the choroid plexus stroma (plexitis or choroiditis) may be regarded as a part of leptomeningitis since the extracellular spaces of plexus stroma and leptomen-inges are in direct continuity and the plexus stromal cells appear to be leptomeningo~ytes.~~ Also, a part of meningitis is the accumulation of exudate in the perivascular spaces of the larger paramedian vessels of the brainstem. While these tunnel into the brain, they are not intracerebral.28 Accompanied by leptomeningocytes and occasional macrophages, these vessels bear a relationship to the parenchyma resembling that of meningeal vessels in the depths of sulci.
Clinical History
Material for this study (table I) was drawn from our departmental collection. It consisted of 26 ungulates aged eight weeks or less at necropsy (here called neonates). In 15 animals, significant numbers of bacteria had been isolated from brain or cerebrospinal fluid. Of these, 13 were coliforms (1 1 Escherichia coli, 1 Citrobacterfreundii, and 1 Klebsiella sp). All of these that were appropriately examined (seven) also had widespread visceral isolations as evidence of bacteremia. Staphylococci were recovered from the umbilical abscess and brain of a calf and Pasteurella hemolytica from the pneumonic lung and brain of a month-old lamb. In another 11 animals with similar lesions, an E. coli bacteremia was demonstrated, but the nervous system had not been cultured, probably because of the dearth of specific neurologic signs.
Cases of meningoventriculitis with sinusitis, otitis or other overt parameningeal infection that might have extended by contiguity to the leptomeninges were excluded from this series. Such cases were all in older animals and associated with non-coliform bacteria.
Many neonates, like human infants,' had only lethargy and depression, perhaps more the effect of sepsis than of specific nervous system localization. The most frequent neurologic 587 
signs, when present, were weakness, ataxia, inability to stand, and seizures. Lameness referable to arthritis was sometimes apparent. Evidence of respiratory or enteric disease was rare. Some animals were febrile when examined, others were not. Except for three animals with primary suppurative omphalitis, any umbilical, docking, or castration wounds were clean and healing well.
Tissues had been fixed in neutral formalin, embedded in paraffin, and cut at 6 pm. Hematoxylin and eosin (HE) was the routine stain, but additional selected slides were stained by Mallory's phosphotungstic acid-hematoxylin, Gordon and Sweet reticulin, Giemsa, or luxol fast blue-periodic acid-Schiff methods.
Results
Extraneural localizations of the infection were not uncommon, either singly or in combinations. Purulent or fibrinopurulent polyarthritis occurred in 38%, serofibrinous or fibrinopurulent polyserositis in 27%, and pulmonary or hepatic abscesses in 15%. These figures include the concurrent appearance of serositis and synovitis in four animals.
Pneumonia and enteritis were rare and mild. No endocarditis was reported. Regional lymphadenitis was often associated with localizations.
Macroscopically, the cerebrospinal fluid was cloudy to opaque and often contained flocculi of pus or fibrin. The leptomeninges, choroid plexuses and ependymal surfaces were frequently dull and roughened by adherent exudate. Obstructive hydrocephalus was noted in one calf.
Microscopically, there was a profuse purulent or fibrinopurulent leptomeningeal exudate. Substantial numbers of macrophages were present on the pial surface among the neutrophils. The exudate was widely distributed and most abundant where there was the most potential space for accumulation ( figs. 1,2) . Pleocellular infiltration of craniospinal nerve roots was seen in some areas of severe leptomeningitis.
One or more of the choroid plexuses in every animal were infiltrated and usually severely so ( fig. 3) . Even in acute cases there was a stromal mixture of neutrophils and mononuclear cells, but pure foci of neutrophils were common. There was frequent loss of covering epithelium, usually in proportion to the seventy of the plexitis. Abundant pus, blood and fibrin adhered to the denuded areas or were trapped among the folds of the plexus (fig. 4) .
Ventriculitis was always present, although often mild and usually much less severe than the associated meningoplexitis ( fig. 5) . Inflammation was typically limited to the immediate subependymal zone where edema and diffusely scattered neutrophils and macrophages characterized the mildest lesions. Subsequently, the numbers of leukocytes increased, both diffusely in the subependyma and in the perivascular spaces of subependymal vessels. There was some focal loss of ependyma with small protrusions of glial tissue through the gaps. Reactive astrocytes were frequent in the exposed subependyma. Ventricular exudate varied from meager to such large accumulations that the designation pyocephalus was warranted.
Edema, pyknotic nuclei, and sparsely scattered neutrophils were sometimes seen in a shallow subpial zone underlying areas of severe meningitis, especially in cerebral and cerebellar cortices. Subpial inflammation was very meager compared to subependymal inflammation.
Myriads of bacteria were seen with Giemsa staining in many phagocytes of the exudate on all inflamed surfaces. Few were present in macrophages of the plexus stroma, subependyma, and subependymal perivascular spaces. A few bacteria were seen free in the subependyma, but none were observed in the subpial parenchyma.
Endarteritis, characterized by an intimal infiltration of mononuclear cells and neutrophils, was observed in small meningeal and plexus arteries ( fig. 6) . Phlebitis occurred in the same areas. Thrombi in small meningeal and plexus vessels were common. Infrequently, similar vascular changes also involved large paramedian arteries fairly deep in the basal parts of the brain. The latter should be regarded as an extension of meningitis, not as encephalitis.
Discrete foci of necrosis or malacia were seen in five neonates in basal ganglia or thalamus. Often clearly associated with nearby thrombi, all were believed to be stages in an infarctive process. Telencephalic leukoencephalopathy, such as is reported with intraperitoneal injection of endotoxin in neonatal kittens,'O was not observed. Edema of white substance at some distance from neuraxial surfaces was occasionally seen.
Discussion
Bacterial meningoventriculitis of neonatal ungulates is a disease in which certain invasive serotypes of Esch- With coliform infections, the gut is probably the most common portal. Bacteria from the mucosal surface cross the epithelium, perhaps by transcyto~is,~~ and reach the bloodstream by way of the lymphatics to establish a substantial, and often massive, bactere-
The unique pattern of localization in leptomeninges, serosae and synoviae seen in natural cases is also frequent in experimentally infected animal^.^. 13* 30* 34 We propose that the seeming vulnerability of these cavity-and to streptococci in pigs.5 mia. 21.29 lining tissues is related to their normal substantial population of macro phage^'.^^ and reflects the spread of bacteria from the bloodstream by way of monocytes recruited under normal stimuli to maintain these populations. It is unknown whether the bacteria are carried in or on the macrophages. There is evidence that macrophages of neonates may phagocytize adequately but have much less bactericidal power than those of more mature animals.16* 27
All of the neuraxial lesions, with the exception of infarcts and edema, involved only surfaces or extended locally to a very limited depth into the subjacent parenchyma. This surface-relatedness accords well with the proposal offered above. Significant populations of macrophages are normally maintained on leptomeningeal, choroid epithelial and ependymal 18*20 probably by constant recruitment of blood monocytes. The varying magnitude of this normal cellular traffic, however mediated, would govern the presence or absence and the extent of the surface infection. The brain parenchyma that normally has no macro phage^^^, 35. 37 is spared from infection. The "resting microglia" of early histologists are not members of the mononuclear phagocyte system.'. 23 Thus, the migration of carrier monocytes from vessels of the leptomeninges and choroid plexuses would spread infection to the confluent extracellular spaces of those structures, including the subarachnoid space. The ventriculitis would arise from infected macrophages passing from subependymal vessels through the subependyma and ependyma to maintain the normal population of supraependymal macrophages.2* 2o That there is no significant extension of the infection into the deeper parenchyma supports the concept of a directed, not random, movement of macrophages.
While motile phagocytes move rather readily through the extracellular spaces of the neuraxis, free bacteria do not. This may explain why, having once been delivered to surface sites, there is no direct secondary bacterial invasion of the parenchyma. Sparing of the parenchyma from secondary invasion by infected meningeal phagocytes is probably the consequence of concentration gradients of chemotactic mediators operating in the direction of the inflamed surface. The infant rat model' '* 22. 25-26 so useful in providing information on the developing disease, would seem a promising tool in testing the speculative reconstruction of the pathogenesis described here.
